Seismic safety is considered to be one of the key design objectives of AP1000 nuclear power plant (NPP) in strong earthquakes. Dynamic behavior, damage development and aggravation effect are studied in this study for the three main components of AP1000 NPP, namely reinforced concrete shield building (RCSB), steel vessel containment (SVC) and reinforced concrete auxiliary building (RCAB). Characteristics including nonlinear concrete tension and compressive constitutions with plastic damage are employed to establish the numerical model, which is further validated by existing studies. The author investigates three earthquakes and eight input levels with the maximum magnitude of 2.4 g and the results show that the concrete material of both RCSB and RCAB have suffered serious damage in intense earthquakes. Considering RCAB in the whole NPP, significant damage aggravation effect can be detected, which is mainly concentrated at the upper intersection between RCSB and RCAB. SVC and reinforcing bar demonstrate excellent seismic performance with no obvious damage.
Introduction
NPPs are being built in the world to produce clean energy nowadays, especially in China. Frequent earthquakes bring great challenge to the safety of NPP, which attracts many researches in this field and plentiful achievements have been made. Seismic performance of NPP based on vulnerability analysis was studied by literature [1e4]. Bausys et al. investigated structural sensitivity and dynamic characteristic of NPP [5] . Zhai et al. [6] studied the dynamic behavior of steel containment under mainshock-aftershock sequences. Politopouos et al. [7] focused effect of foundation embedment on floor response spectra of base-isolated NPP [8] . Sener et al. [9] developed a 3D nonlinear finite element model of a reactor containment structure and studied its seismic behavior. Investigation of Wang et al. [10, 11] showed that the nuclear structure would suffer plastic damage if it was subjected to beyonddesign earthquakes. A lot more studies on this field can be found in this field [12e14] . AP1000 NPP is normally composed of SVC, RCSB, RCAB, radioactive waste building (RWB) and steam turbine building (STB) etc. The first three components, which are SVC, RCSB and RCAB, connected by fixed restraints with the same foundation and named as "the whole NPP" in this study for convenience [15] . Due to complex structural system of the whole NPP with limited computational resources, existing studies on AP1000 mainly focus on seismic investigation of RCSB [16] , or both RCSB and SVC [17] . Few scholars conducted researches on seismic performance of the whole NPP. However, the whole NPP composed of the three components is an integral structure and considered to be the highest seismic level, namely seismic category I according to ASCE 4e98 [18] , indicating the strictest seismic requirements for AP1000 NPP. Therefore, investigation on seismic behavior of the whole NPP seems to be necessary and valuable. They may have great difference in dynamic properties when RCSB is the only factor to be considered. Furthermore, although existing researches provide fruitful results in designed earthquakes, strong earthquakes such as Wenchuan Ms8 earthquake [19] , Chile Ms8.8 earthquake [20] and Eastern Japan Ms9 earthquake [21] happened, meaning potential threat to the seismic capacity of the whole AP1000 NPP should be highly concerned in beyond-design earthquakes. In view of the concerns above, the authors focus on seismic performance and damage of the whole NPP in this study under excitations of both designed earthquakes and beyond-design earthquakes. On one side, this study is to investigate the influence of the auxiliary building, namely RCAB, on dynamic responses and damage of the integral structure to show the significance of taking the whole NPP into consideration in structural analysis, especially in strong earthquakes. The reason is that there are many interactions between RCSB and RCAB when RCAB is considered in the whole NPP, which may cause greater damage on the structural members because of stress concentration at the corresponding interactions. On the other side, this study is to highlight the nonlinear behavior of damage of the structural members and the interaction mechanism among the three components in beyonddesign earthquakes with different earthquake intensities.
Analytical model and verification

FEM model of AP1000 NPP
The whole AP1000 NPP discussed in this study is made up of three components, namely SVC, RCSB, RCAB, as shown in Fig. 1 . Both RCSB and RCAB are constructed by reinforced concrete shear wall, and SVC is constructed by steel plate. RCSB shown in Fig. 2 has a height of 81.54 m and a diameter of 44.2 m and a thickness of 914 mm. The concrete adopted by RCSB has a compressive strength of 27.6 MPa, a tension strength of 2.125 MPa, and an elastic modulus of 26,267 MPa. The reinforcement bars in RCSB are HRB400E steel with reinforcement ratio of 0.00306 [15] . SVC has a height of 65.634 m, a diameter of 39.624 m and a thickness of 48 mm. The steel grade of SVC is SA738 B, which has a yielding stress of 400 MPa, an elastic modulus of 2 Â 10 5 MPa and a Poisson's ratio of 0.3. RCAB has a height of 34.6 m and a width of 77.4 m. The thicknesses of the floor and the shear wall of RCAB are 230 mm and 600 mm respectively. The strength of concrete and reinforcement bars of RCAB is the same with RCSB, while the reinforcement ratio of the former is 0.0025 [15] . The finite element model (FEM) is established by ABAQUS [22, 23] , as shown in Fig. 1 . Layered shell elements (S4R), which has four nodes with bending and membrane capabilities and can model the reinforcement bar assuming a perfect bond between the reinforcement bar and the surrounding concrete, is used to simulate RCSB, SVC and RCAB. Multiple layers are defined with different thickness representing a specific material, namely concrete and reinforcement bars. In each layer, the geometry and physical properties, such as names, sections and spacing of the reinforcement bars, are defined respectively for each material. The mesh size is defined as 500 mm Â 500 mm [11] . The total elements and nodes of the whole NPP are 230,828 and 223,374 respectively. Furthermore, it is very difficult to establish all the structural members with limited computing equipment and resources because of the complex structure of the whole NPP. As a result, the internal equipment in NPP is simulated by equivalent members with accurate experiment results guaranteed based on literature [15] , such as equivalent steel beams and equivalent equipment layers, as shown in Fig. 2 . It is well known that most NPPs in the world are built on rock foundations. Therefore, the soil-structure interaction isn't considered in this study, meaning that all of the computational models of this study are fixed at the bottom. The fluid-structure interaction isn't considered and the water on the top of the shield building is simplified as mass element. Besides, for convenience of the following investigations, RCSB is divided into four zones: water tank (WT) zone, stiffness reduction (SR) zone, main structure (MS) zone and equivalent equipment (EE) zone. RCAB is divided into six layers of L1~L6 corresponding to its original structural floors.
Material behaviors
The concrete compression behavior shown in Fig. 3(a) is based on the material constitutive relationship developed by Popovics [24] and Yip [25] with the following expression: 
As is shown in Fig. 3(b) , concrete tension behavior [26] can be expressed as:
where, f ct is the concrete tension strength, ε cr is the corresponding strain with f ct , s t and ε t are the concrete tension stress and strain, a is the decay parameter with Equation (5): 
where, n ¼ E s =E c , E s is the steel elastic modulus, r is the reinforcement ratio. According to Equations (1)e(5), the stress and the strain of concrete in both tension and compression conditions can be summarized in 
where, E is the reduced elastic modulus, d is a variable of stiffness degradation, which can be calculated by theory of equivalent complementary energy assuming the damaged complementary energy W 0 equaling to the undamaged complementary energy W d [28] . 
Combining Equations (7)e (9), the following equation can be deduced:
It is well known that the concrete secant modulus equals to the ratio of stress and strain, namely E d ¼ s=ε. By substituting it into Equation (10),
Therefore, the compressive damage factor d t and the tension damage factor d c can be written as:
Besides, the reduced elastic modulus E can also be defined from (13) where, ε pl is the concrete plastic strain. By combining Equations (6) and (13), we get:
Obviously, the compressive plastic strain ε pl c and the tension plastic strain ε pl t have:
Based on Equations (12) and (15), the compressive damage factors, the tension damage factors, the compressive plastic strains and the tension plastic strains can then be calculated and shown in Table 1 .
The stress-strain relationship of the reinforcement bar and SVC can be expressed as:
where, s s and ε s are the steel stress and strain respectively. f y , ε sy , ε su are the yield strength, the elastic strain and the ultimate strain respectively, which are defined as 400 MPa, 0.002 and 0.15 in this study.
Model verification
The shield building (shown in Fig. 4 ) reported in literature [29] is adopted to verify the numerical program of this study, such as constitutive relationship, mesh generation, solving method. Details of the model geometry and material can be found in Ref. [29] . Earthquake input of the Whitter Narrow-01 wave was used and shown in Fig. 5 . The peak ratio of PGA is 1 : 1: 0.66 for the horizontal X-& Z-direction and vertical Y-direction. Two PGA levels, namely 1.1 g and 1.7 g, are scaled and investigated, which is the same with that in the literature [29] . Table 2 shows comparison between maximum acceleration responses at different heights of the shield building under PGA of 1.6 g, in which the error is calculated by (jValue of this study -Value of [29] j/Value of [29] ) Â 100%. It can be found that the acceleration responses obtained from this study are similar with those from the literature. All of the errors shown in Table 2 appear to be less than 10%. Comparisons of ultimate tension and compressive strain contours are further investigated and shown in Fig. 6 in earthquake with PGA of both 1.1 g and 1.7 g. It can be obtained that good agreement can be ensured for the integral tendency of the contours and positions & values of the maximum strains. For example, the maximum of ultimate tension strain is 0.001151 of this study and 0.001051 of the literature [29] with an error of 8.69%. Correspondingly, the maximum compressive strains are À0.003616 and À0.003598 respectively with an error of 0.5%.
Although good agreement between this study and the literature can be ensured from terms of both structural dynamic responses and strain contours, that there are certain differences between them. The reason of these differences may be lie in differences in material constitutive, mesh discretization, model simplification (such as treatment of the equivalent steel beam and the equivalent layer in RCSB) and approximations made in the numerical program. However, on the whole, it can be concluded that the numerical program used in this study is reasonable and convincing. Therefore, based on the verified numerical program, the seismic behavior of the whole NPP in earthquake can then be developed in the following sections.
Earthquake input
To avoid the influence of peculiar events, three earthquakes are selected and their corresponding envelop values of dynamic responses of the whole NPP obtained from their excitations are used as final computational results. As shown in Table 3 , the three earthquakes include two natural earthquakes and one artificial earthquake. The two natural earthquake input is from the Ground Motion Database of PEER (Pacific Earthquake Engineering Research Center). Fig. 7 shows the comparison between the acceleration response spectrums of the three earthquakes and the standard R.G.
1.60 spectrum [30] . It can be found that the three earthquakes agree well with the standard spectrum, indicating they are feasible to investigate the dynamic behavior of the whole NPP. The shear wave of the three natural earthquakes are 1222.52 m/s, 544.68 m/s and 1100 m/s respectively, meaning they belong to hard and rock sites, which is coincidental with the rock site assumption of this study.
It can be found from Fig. 7 that the fundamental period (0.2345 s) of FEM model of this study is in the peak range of the acceleration spectrum of the three earthquakes, indicating that great structural dynamic responses can be aroused. The input ratio among the three directions is defined as 1 : 1: 0.66. To investigate dynamic response and damage development tendency of the whole NPP in strong earthquakes, the PGA of the three earthquakes is normalized from 0.3 g to 2.4 g with an increment of 0.3 g, as shown in Table 3 . In other words, eight levels of PGAs are considered in the numerical investigations with 24 computational cases, which means that small, larger and huge earthquakes have the same frequency component. 
Results and discussion
Comparison between the whole NPP and the single RCSB
The peak responses at the top of the structure among earthquakes of E1~E3 of the single RCSB and the whole NPP are shown in Table 4 , which reveal that the maximum response of the latter shows significant difference with that of the former. Relative difference of the maximum response, calculated by (jNPP-RCSBj/ NPP) Â 100%, is shown in Fig. 8 . It can be obtained that the relative difference of the vertical Y-direction shows the greatest with the maximum relative difference of 68.32% at a PGA of 2.4 g, as shown in Fig. 8(a) . As for the relative difference of dynamic responses in horizontal X-& Z-direction, although it is a little bit smaller than that in Y-direction, the relative difference of 40.16% can be still observed for the maximum top displacement response at a PGA of 0.6 g.
It can be obtained that mean relative differences are also significant among the eight PGAs. For example, the mean relative differences of the displacement are 14.57% and 54.2% at horizontal and vertical directions respectively. Correspondingly, the mean relative differences of the acceleration are 13.45% and 30.73% respectively. Fig. 9 shows typical history comparisons of structural acceleration and displacement responses between the single RCSB and the whole NPP in E3 with a PGA of 0.9 g. It can be found that the curves are inconsistent with time, especially for the displacement curves, which indicates that structural dynamic characteristics have been changed by considering the role of RCAB in the whole NPP. For example, both the top peak acceleration and displacement responses of the whole NPP are all larger than those of the single RCSB in earthquake E3 with a PGA of 0.9 g. Fig. 10 shows the local compression damage contours of the pitched roof in E1, in which the scale is the concrete compressive 
Table 4
The peak response at the top of the structure among earthquakes of E1~E3. damage factor d c . Fig. 11 shows the local tension damage contours of MS zone in E2, in which the scale is the concrete tension damage factor d t . For one thing, it can be found that both the tension and the compression damage are aggravated gradually with increasing PGA, and the that damage degree of the whole NPP is higher than that of the single RCSB in the same earthquake with the same PGA, as shown in Fig. 10 . Based on comprehensive investigation on the dynamic responses and damage contours between models of the whole NPP and the single RCSB, it can be concluded that it is necessary to consider the whole NPP to reflect credibly the mechanical behaviors of NPP in earthquake excitations. In other words, the influence of RCAB on the dynamic behavior of the whole NPP should not be ignored, which generates significant damage aggravation effect at the intersections between RCAB and RCSB.
Model
Plastic damage development of the whole NPP
RCSB
The damage development of RCSB is investigated with tension and compression damage contours in E1~E3 in Figs. 12 and 13 , in which the scales are the tension damage factor d t and compressive damage factor d c respectively. The corresponding maximum damage factors are shown in Fig. 14 among the three earthquakes. As PGA increases, it can be found that the range of both tension and compression damage are expanded and the corresponding damage severity is aggravated gradually, especially in strong earthquakes. The most serious and also the first damaged zone of RCSB is SR zone, followed by MS zone, EE zone and WT zone sequentially. On the whole, the severity of concrete tension damage is higher than that of compression damage, which indicates that the damage development of RCSB is dominated mainly by the tension damage.
In design earthquakes with PGA of 0.3 g, it can be obtained that concrete material of RCSB is basically in elastic working stage with only slight tension damage at SR zone, which, however, don't reach the tension damage limit of 0.849, as shown in Fig. 14 . In beyonddesign earthquakes with PGA beyond 0.3 g, the concrete material of RCSB reaches the tension and compression damage limit gradually with growing PGA, especially for the SR zone and MS zone. Although certain differences can be found for the aggravation and expansion of the tension and compression damage factors in different earthquakes, consistent conclusions can still be concluded. That is to say, three key positions of damage concentration are the same, namely the position at the intersection position between SR and MS zones, the intersection positions between RCSB and the top of RCAB, and the intersection position between EE and MS zones. The reason for the three concentrations is that there is obvious mutation for the horizontal and vertical stiffness, which causes predominant stress concentration in the three positions. Besides, among the three damage positions, the first two are the most serious and should be paid more attention to reach performance improvement of AP1000 NPP in strong earthquakes. Strain development of RCSB is shown in Fig. 15 . It can be obtained that the strains of both concrete and steel materials appear increasing with the increase of PGA. And in strong earthquakes, the material strains are amplified greatly. Both the tension and compression strains of concrete materials reach the corresponding ultimate strains of 0.001697 and 0.002559 respectively, which indicates damage failure occurs in the concrete material. However, the steel material doesn't reach the ultimate strain, as shown in Fig. 15(c) . The concrete tension strains at SR and MS zones present the highest point and reach the corresponding ultimate strain at a very low PGA level of 0.6 g, which proves again that damage of these two zones are the most serious. As the PGA increases to 0.9 g, the tension strain of EE zone and compression strain of both SR and MS zones reach the corresponding ultimate strain, meaning concrete damage are further developed and that the failure ranges are expanded. Concrete tension and compression strain developments of WT zone is the slowest with the lowest damage development.
Besides, steel tension strains are all lower than the ultimate strain of 0.15 even in a PGA of 2.4 g, indicating no damage failure generated. The highest and lowest steel strains are in SR and WT zones, which are the same with the concrete strains.
RCAB
Figs. 16 and 17 show the tension and compression damage contours of the concrete material of RCAB. In design earthquakes, it can be obtained that the six layers of L1~L6 are in elastic working stage and that no tension or compressive damage development can be detected. However, in beyond-design earthquakes, it can be obtained that the tension damage is greatly amplified in comparison to that of the comparison damage, that is to say, RCAB receives more severe tension damage rather than compression damage. The tension damage occurs firstly at the intersection between RCSB and the top of RCAB, and then expands to other layers gradually as PGA grows. When PGA reaches 1.5 g, significant tension damage concentration is found in the layer L2. On the whole, the most serious tension damage appears at the intersection between RCSB and RCAB, followed by the intersection between shear wall and structural layer, and the lowest the shear wall of RCAB.
Figs. 18 and 19 further prove the above phenomenon. It can be achieved that the concrete compression damage reaches its limit at larger PGAs in comparison to that of tension damage. As for the eight PGA levels from 0.3 g to 2.4 g, concrete material of the layers of L2~L6 reaches the corresponding tension limit, meaning that tension failure is caused for the concrete material of RCAB. Correspondingly, only the upper layers of L4~L6 reach the compression limit, indicating most parts of RCAB do not suffer from compression failure. As shown in Fig. 18 , concrete material of the layer L6 reaches the compression limit at a PGA of 1.2 g and to the tension limit at a PGA of 0.6 g. Similarly, as shown in Fig. 19 (a)&(b) , the compression and tension ultimate strains of the layer L5 appear at PGAs of 1.2 g and 1.5 g respectively. It is worth mentioning from Fig. 19 (c) that steel tension strain is very small and far from its limit of 0.15, especially for L1~L5, which indicate that the reinforcement bars are in good working state without any damage failure. Thus, it can be concluded that the damage development of RCAB is also dominated by concrete tension damage and that the upper layers is more serious than the lower layers.
SVC
Contours of the Mises stress of SVC are shown in Fig. 20 . It can be found that magnitude of the Mises stress increases with PGA, especially at the bottom of SVC. This is because the bottom of SVC is connected with EE zone of RCSB, where stress concentration is generated due to stiffness mutation and discontinuity. However, apart from the bottom of SVC, contours of the Mises stress of SVC show less changes, even in strong earthquakes. This is because both stiffness and mass of SVC are continuous and uniform along the height, and therefore no stress concentration effect can be aroused. It is worth mentioning that the Mises stress at the top of SVC also presents no obvious change, especially at the position between the cylindrical body and the top cover, where there is certain stiffness mutation. The reason of this phenomenon lies in the circular arc design of the top of SVC.
To further explore the specific magnitude of the Mises stress, SVC is divided into three parts: the bottom part connected with EE zone, the middle part of the cylindrical body and the top part of SVC cover. Table 5 shows the maximum Mises stress of the three parts. It can be obtained that all of the maximum stresses increase with PGA and that the bottom of SVC shows the swiftest increase, while the middle and top parts of SVC increase slightly. For example, the Mises stresses of the bottom, the middle and the top parts of SVC are 56.69 MPa, 14.41 MPa, 13.37 MPa in E1 with a PGA of 0.3 g, correspondingly, 89.56 MPa, 26.48 MPa, 20.24 MPa in E1 with a PGA of 2.4 g. Even so, SVC shows good seismic performance even in strong earthquakes. The maximum stress is 146.9 MPa at the bottom of SVC in E3 with a PGA of 2.4 g, which is less than the reinforcement yielding strength of 400 MPa, meaning no plastic behavior or failure generated for SVC.
Conclusion
Investigation on damage development of AP1000 NPP is conducted with validated numerical model in earthquake excitation. The following conclusions can be drawn:
(1) Dynamic responses and mechanical properties of the whole NPP demonstrate significant difference from those of the single RCSB. The maximum relative difference reaches 54.2% for the top peak displacement response. Damage aggravation effect can't be reflected by only considering the single RCSB, especially the intersections between RCSB and RCAB. (2) AP1000 NPP is in good working state without any damage failure generated in design earthquake. In beyond-design earthquake, concrete tension and compression damage is greatly developed as PGA increases and the damage severity of the former is higher than that of the latter, while the reinforcement bars in concrete appear no failure at all. (3) As for RCSB, concrete failure of SR zone is the most serious, followed by MS zone at the intersection between RCSB and RCAB, and finally EE zone and WT zone. As for RCAB, tension failure of the upper layers is more serious than that of the lower layers, while compression failure is less serious for all the six layers. (4) Although certain stress concentration is generated at the bottom part of SVC, steel material is still in elastic working state without any damage developed even in strong earthquakes with a PGA of 2.4 g, indicating abundant seismic safety margin of SVC.
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